Background Proton pump inhibitors (ppis) are a commonly used medication. A limited number of studies have
INTRODUCTION
Colorectal cancer (crc) is the 2nd most common cause of cancer-related death in men and the 3rd leading cause of cancer-related death in women in Canada 1 . Although incidence and overall mortality rates for crc have been declining since the early 1990s, it is estimated that more than 160,000 new cases and 50,000 deaths occur across North America each year [1] [2] [3] . Changes in rates over time have been specifically influenced by the implementation and use of crc screening tests, the development of novel therapeutic regimens for crc, and the identification of modifiable risk factors associated with crc 4 .
The identification of modifiable risk factors for crc recurrence and survival has been of increasing interest, because crc survivors constitute one of the largest populations of cancer survivors in North America 5 . Recently, researchers have looked at the relationships between crc and a number of regularly prescribed medications, including nonsteroidal anti-inflammatories, hormone replacement therapies, histamine receptor antagonists, and proton pump inhibitors (ppis) 6, 7 . Identification of cancer-related risks associated with those medications will allow physicians to more effectively determine the necessity and duration of medication use.
Specifically used for the prevention and management of acid-related conditions including gastroesophageal reflux disease, erosive esophagitis, and peptic ulcer disease, ppis are one of the most widely prescribed medications across the globe 8, 9 . The short-term side effects of these drugs have been well studied, with common side effects being nausea, fatigue, and headaches [9] [10] [11] . The side effects are usually mild, self-limiting, and unrelated to dose or age 11 .
Since the early 2000s, concern has been growing about the overuse of ppis for fairly benign conditions, with a significant focus on the long-term adverse effects of ppi use. Most recently, long-term use of ppis has been linked to increased risk of respiratory infection, Clostridium difficile infection, bone fractures, and the development of various gastrointestinal cancers 10, 11 . A number of studies have recently investigated the relationship between ppi use and crc specifically.
A significant positive correlation was identified between ppi use, hypergastrinemia, and the development and progression of crc 12, 13 . Unfortunately the association between ppi use and crc in humans is much less clear. Case-control studies have produced inconsistent, conflicting results about the relationship between ppi use and crc risk. In a small number of studies, a weak-to-moderate association was identified between ppi use and crc risk; others have found that the use of ppis might not in fact be associated with an increased risk of developing crc [13] [14] [15] [16] . Overall, studies that have examined the relationship between ppi use and crc have been significantly limited by small sample sizes.
Few studies to date have investigated the relationship between ppi use and overall survival (os) in crc patients. To further elucidate the potential effects of ppi use on crc survival, we performed a retrospective chart review to identify associations between ppi use and clinicopathologic features of crc, including tumour location, differentiation, lymph node status, stage, and patient os.
METHODS

Study Design and Study Population
This retrospective cohort study involved a chart review of patients diagnosed with crc; it was approved by the Queen's Universit y inst itut iona l et hics boa rd. We identified all patients more than 18 years of age with a pathologic diagnosis of TNM stages i-iv crc seen from 1 January 2005 to 31 December 2011 at the Cancer Centre of Southeastern Ontario. In total, 1304 patients were identified using International Classification of Diseases version 10 diagnostic codes. Patients whose tumour pathology cases were reviewed at the Cancer Centre of Southeastern Ontario, but who were never seen there, were excluded from the database (n = 58).
Data Collection and Outcomes Measured
Data were collected from baseline (the time of oncology consultation) to the end of the observation period (that is, the last visit or 6 July 2013). Sociodemographic, tumour, radiographic, and chemotherapy treatment details were abstracted from patient charts. Patient information included age at diagnosis, sex, smoking and alcohol status at diagnosis, comorbidities (cardiac, respiratory, renal, and diabetic complications), body mass index status, medication use (asa, statins, and ppis), and family history of crc. Pathology reports were reviewed for tumour characteristics, including location, cell type, differentiation, lymphovascular and perineural invasion status, and T and N staging, including total number of lymph nodes obtained and the number of positive lymph nodes. Dates of death were obtained via the hospital databases and obituaries. The primary outcome was os duration, calculated from the date of crc pathologic diagnosis (whether biopsy or definitive surgery, whichever date came first) to date of death from any cause or to the last visit if still living.
Statistical Analysis
Data were collected in MS Excel (Microsoft Corporation, Redmond, WA, U.S.A.) and were imported into the IBM SPSS Statistics software package (version 22.0 for Windows: IBM, Armonk, NY, U.S.A.) for statistical analysis. The statistical significance of between-cohort differences in categorical variables was tested by chi-square test. Continuous data were compared using the 2-sample t-test (patients using or not using ppis at the time of oncology consultation). All tests were 2-tailed, with significance accepted at p < 0.05.
Kaplan-Meier curves were constructed to compare patients using and not using ppis for days to death or study end. A multivariate Cox proportional hazards regression analysis was undertaken to assess time to death, while controlling for known risk factors, including age, sex, comorbidities (cardiac, diabetes, renal, and respiratory), stage at diagnosis, differentiation (well, poorly, or moderately differentiated), and pathologically positive lymph nodes.
RESULTS
Patient Demographics and Clinical Characteristics
Table i summarizes patient demographics. Among the identified 1304 crc patients, the prevalence of ppis use at the time of diagnosis was 9.0% (117 patients with a mean age of 73.5 years). Men constituted a slightly larger percentage of the study and control groups at 61.5% and 58.3% respectively. Baseline characteristics-including age at diagnosis; sex; average body mass index; and smoking, drinking, and family history-were not significantly different between the patients who did and did not take ppis.
Compared with the group that did not take ppis, the group that did take ppis included a larger percentage of individuals with cardiac comorbidities (78.6% vs. 57.4%, p < 0.05). Rates of respiratory, renal, and diabetic comorbidities did not differ significantly between the groups. Use of asa at the time of initial evaluation was significantly higher in the group that took ppis than in the group that did not (38.5% vs. 19.3%, p < 0.05). Similarly, anti-cholesterol therapy at the time of initial evaluation was significantly higher in the group that took ppis than in the group that did not (38.5% vs. 23.3%, p < 0.05).
Tumour characteristics were subsequently compared between the study and control groups (Table ii) . We observed no statistically significant differences between the groups with respect to location of the primary tumour, T stage, positive lymph node status, or positivity for lymphovascular or perineural invasion. Additionally, a comparison of the patients taking and not taking ppis showed no differences in any pathologic characteristic analyzed (cell type and differentiation).
PPI Use and Survival Analysis
In the overall cohort, 506 deaths (38.8%) occurred. With respect to ppi use, 55 deaths occurred among the 117 patients who took ppis (47.0%) and 451 deaths occurred among the 1187 patients who did not take ppis (38.0%). Univariate analysis (Table iii) comparing patients who were or were not taking ppis at the time of diagnosis showed no statistically significant differences in 1-year os (82.1% vs. 86.7%, p = 0.161), 2-year os (70.1% vs. 76.8%, p = 0.111), or 5-year os (55.2% vs. 62.9%, p = 0.165), although a trend toward increased mortality was evident in the group who took ppis.
Kaplan-Meier survival analysis demonstrated that patients taking ppis experienced a significantly shorter cumulative os duration of 1775 days [95% confidence interval (ci): 1557 days to 1993 days]; os duration was 2279 days (95% ci: 2195 days to 2364 days) in patients not taking ppis (p = 0.048, Figure 1 ).
Multivariate Cox proportional hazards modelling of all patients (Table iv) further showed that crc patients taking ppis experienced a significantly higher risk of mortality (hr: 1.34; 95% ci: 1.01 to 1.78; p = 0.042). Additionally, the analysis showed that crc patients with comorbidities experienced a higher risk of mortality (cardiac hr: 1.26; 95% ci: 1.03 to 1.55; p = 0.024; renal hr: 1.62; 95% ci: 1.170 to 2.26; p = 0.004; respiratory hr: 1.42; 95% ci: 1.13 to 1.79; p = 0.003). Lastly, tumour stage (hr: 1.97; 95% ci: 1.74 to 2.22; p < 0.001) and tumours with poor cellular differentiation (hr: 1.98; 95% ci: 1.12 to 3.48; p = 0.018) were independent predictive factors for mortality in crc patients.
DISCUSSION
Our study suggests an adverse effect of ppis on os in crc patients. Specifically, in the patients who were taking a ppi at the time of diagnosis, we observed a trend toward a decreased 1-, 2-, and 5-year os, as well as a statistically significant decrease in cumulative os. Earlier studies looking at ppi use and crc have looked only for correlations between ppi use and the risk of developing crc [13] [14] [15] [16] . The present study is the first to look specifically at a potential relationship between ppis and os in crc patients.
A number of theories currently support a causative relationship between long-term ppi use and the development of a supportive microenvironment in which crc cells would thrive. One theory hypothesizes that ppi use results in hypochlorhydria in the stomach, which causes hypersecretion of the hormone gastrin from the gastric antrum 17 .
In vitro studies have shown that, in turn, hypergastrinemia promotes cell proliferation and cell migration and inhibits apoptosis-several factors that favour the development and progression of neoplasias of the gastrointestinal tract [18] [19] [20] [21] [22] . Animal models have demonstrated that ppis induce hypergastrinemia in mice and rats, enhance proliferation of colonic mucosa cells in those organisms, and promote adenoma progression [23] [24] [25] . A second theory postulates that the use of ppis results in a less acidic environment in t he stomach a nd duodenum, a llow ing for bacterial overgrowth in the gut, which ultimately results in more toxic bile salt formation 26 . Specifically, bacterial overgrowth increases gastrointestinal concentrations of carcinogenic bacterial by-products, including nitrites, N-nitroso compounds, and deoxycholic acid, all of which have been associated with high-grade crcs [25] [26] [27] . It therefore follows that, in crc patients, prior ppi use could adversely affect survival by affecting the biology of the disease, specifically alterations in the tumour microenvironment, grade, and stage at presentation. Previous studies have attempted to identif y the impact of ppi use on the development of crc, but none have looked at either cancer-specific or overall mortality in crc patients. Most recently, a meta-analysis of such studies set out to estimate the magnitude of the association between ppi use and increased risk of crc, determining that no statistically significant association between ppi use and crc risk was evident 25 .
Our study suggests a potential adverse effect of ppis on os in crc patients despite there being no identified differences in the extent or severity of disease. At this point, our analysis cannot account for the cause of the survival difference observed. We attempted to identify many potential comorbidities that can play a role in crc survival, but it is possible that unmeasured comorbidities might be accounting for the survival difference, given that our data also suggest that patients taking ppis tend to be older and might therefore have more medical complications. Additionally, because of the nature of cancer treatment in our region, many patients once treated at our institution are followed in the community, and therefore progression and recurrence could not be captured. We were thus unable to determine whether the survival difference seen in patients taking ppis was in part attributable to a change in cancer progression or recurrence.
Although every attempt was made to minimize errors, our study has several limitations. Firstly, the retrospective nature of the study meant that we were limited to the information available in existing database records. Our multivariate analysis attempted to control for unrecorded information by including a category for "missing data" for each variable, which did not affect the overall results. Second, although our study looked at all-cause mortality, we acknowledge that cancer-specific mortality would have been more appropriate. However, that information was not available because of restrictions in death certificate information, which is not stored in the hospital database. Thus, it remains to be seen whether ppis are associated with cancer-specific death or not. Although our study looked at ppi use, we were not able to determine dose and duration of treatment, and thus could not factor those variables into our analysis. Lastly, patients taking ppis constituted a relatively small percentage of our patient cohort. However, despite the small number, we were still able to identify an adverse survival effect associated with ppis in our crc patient population.
To further elucidate the relationship between crc survival and ppi therapy, prospective studies are necessary. Such studies should specifically focus on high-risk populations such as individuals with precancerous lesions or those with familial polyposis of the colon and would ideally use cancer-specific death as a primary outcome. The results would help to elucidate the specific populations that would benefit from avoiding acid-reducing medications. Overall, additional high-power, prospective randomized controlled trials would be necessary to fully elucidate the relationship between ppi use and crc risk.
CONCLUSIONS
Our study suggests an adverse effect on os of ppi use in crc patients. This information provides a basis for further evaluating the relationship with prospective studies that will evaluate the association between ppi use, local disease recurrence, disease progression, and cancer-specific mortality.
